Reuse of sewage biosolids in Victoria, Australia, typically involves mesophilic anaerobic digestion followed by air-drying and long-term storage to ensure removal of ova of soil-transmitted helminths (STH) such as Ascaris lumbricoides. Long-term storage degrades the biosolids' agronomic quality due to the loss of key plant nutrients and takes up large areas of storage space. The impact of varying biosolids holding times and other processes on STH using Ascaris as the reference STH pathogen was examined in this study using a quantitative risk analysis approach. Risk modelling of the potential human health impacts from the presence of Ascaris ova in biosolids was undertaken for discrete holding periods of 1, 2 and 3 years. Modelling showed that to meet the WHO 1 μDALY·person À1 ·year À1 disease burdens guideline for limiting exposure category, a biosolids storage period of 1.24 years or 2.1 years would be required, depending on the data source of ova shedding rates per worm (Bangladesh or Nigeria, respectively). The soil exposure and salad/root vegetable consumption models included a number of variables with moderate to high degrees of uncertainty. Monte Carlo simulation was used to assess the effect of uncertainty in model input variables and to assist in highlighting areas for further research.
INTRODUCTION
Background/problem formulation Sewage biosolids are a by-product of the sewage treatment process. They can be used for a variety of purposes, but are most commonly used as a fertiliser and soil conditioner for the purposes of growing cereal, pasture and vegetable crops. Biosolids require treatment processes to control pathogens and these processes can be broadly divided into either thermal processes that rapidly kill off the pathogens, or stockpiling and storage until such a time that the pathogens die off. In developed countries, the combination of stringent public health regulations and limited demand for biosolids has seen an emphasis on lower cost treatment processes such as airdrying and long term storage (e.g. >3 years). Ambient temperature anaerobic digestion is also commonly used.
The use of biosolids in Australia is regulated at a state level and various state biosolids guidelines apply under each state's environmental protection legislation. These guidelines are harmonised at a national level through compliance with the National Water Quality Management Strategy (NWQMS) (NRMMC ; DoE ). In the State of Victoria, biosolids use must comply with the requirements of the Environment Protection Authority Victoria (EPAV) Guidelines for Environmental Management. Biosolids Land Application (EPA Victoria ).
The Victorian biosolids guidelines describe three treatment grades: T1, T2 and T3 (graded according to descending microbiological quality). The treatment grades are primarily based on satisfying three key criteria: (i) the adoption of a prescribed treatment process with minimum performance criteria (for example temperature/time); (ii) microbiological limits to demonstrate that the defined treatment processes are operating effectively; and (iii) measures for controlling bacterial regrowth, vector attraction (for example insects, birds, vermin) and generation of nuisance odours (EPA Victoria ).
If the treatment process is not a prescribed process under the guidelines, classification is based on a verification program for the process to justify its addition to the EPAV list of prescribed treatments, or alternatively, intensive batch testing to demonstrate pathogen removal. Grant et al. () point out that gaining independent pathogen removal data for verification for many regional treatment systems has proven difficult, particularly with the focus on ensuring removal of ova of parasitic worms such as Ascaris lumbricoides and Taenia spp. to produce T1-grade biosolids suitable for unrestricted use. As a result, the most common biosolids production process in Victoria is mesophilic anaerobic digestion (MAD) followed by air-drying and long-term storage for at least 3 years (Grant et al. ) . Rouch et al. () have shown that long-term storage (>3 years) degrades the biosolids' agronomic quality due to the substantial loss of key plant nutrients. This decline in agronomic quality is believed to be a factor in the low rates of biosolids use in Victoria, where more than two million tonnes of biosolids are stored in long-term stockpiles (Grant et al. ) . Regulatory controls also mean that the overall capacity of the existing sludge stockpile areas will need to be increased to meet population growth.
To be added to the EPAV list of prescribed treatment processes, the default performance objectives under realistic worst case process conditions are:
• >3 log reductions in enteric viruses (i.e. a 1,000-fold reduction);
• >2 log reduction in Ascaris ova (i.e. a 100-fold reduction);
• <1 Salmonella/50 g (dwdry weight); • <100 Escherichia coli MPN/g (dw); • 1 enteric virus PFU/100 g; plus • additional requirements for minimum sample volumes and number of samples.
Ascaris ova are by far the longest lived of the soil-transmitted helminths (STH) and can remain infective in soil for several years (Feachem et al. ) . For this reason and their tendency to settle in sewage sludge, they are an appropriate reference pathogen for STH.
While Salmonella, E. coli and virus testing of treated biosolids is routinely performed, testing for Ascaris ova in Victoria is problematic as infection rates in the community are so low the ova are rarely found in raw sludge or even in the raw sewage entering the sewage treatment plant (STP) (AECOM ). Thus demonstration of the specified performance targets (i.e. the required 2 log reductions) is not possible based on such testing. An alternative approach proposed by the WHO (WHO ) is to derive a health outcome target such as a tolerable burden of disease measured using disability-adjusted life years (DALYs). This approach is known as a health-based target (WHO ). For drinking water, WHO suggests a tolerable burden of disease as an upper limit of 10 À6 DALY per person per year (or 1 μDALY·person À1 ·year À1 ) (WHO , ). This is considered an appropriate target for developed countries where the overall burden of disease by multiple exposure routes (e.g. water, food, air, direct personal contact, etc.) is very low (WHO ). The WHO 1 μDALY·person À1 ·year À1 tolerable disease burden target has also been adopted by the Australian Guidelines for Water Recycling (NRMMC, EPHC & AHMC ) and is readily applicable to the health risks posed by Ascaris and other STH.
The current minimum holding period for T1 biosolids in Victoria is 3 years. In this paper, risk modelling is used to determine the potential health impacts of the 3-year and shorter holding periods in terms of μDALYs and to assess the extent of compliance with the WHO 1 μDALY·person À1 ·year À1 target.
Risk modelling
For risk modelling, an exposure pathway for Ascaris in biosolids was developed based on the common approach for biosolids production and storage in Victoria (Figure 1 ). Settled solids from the MAD process are mechanically spread across large drying pans and once the moisture content is low enough, they are excavated and stockpiled for prescribed periods prior to use. When applied to land to fertilise crops, surviving Ascaris ova are transmitted to crops (via adhering soil), to humans as agricultural workers and as consumers of crops grown in the biosolids amended soil. The highest rates of exposure via the consumption of crop products is considered to be associated with salad and vegetable crops, hence they were considered in the current risk assessment.
There is the possibility of a feedback loop via infected agricultural workers and consumers to the sewer catchment; however, this is thought to be insignificant due to the very low prevalence of Ascaris in the Victorian community and is not considered further here. Should prevalence rates increase, this assumption would need to be reviewed.
Until recently in Victoria, after a minimum of 3 years of storage, biosolids that also meet all other treatment, microbiological and chemical criteria could be released for beneficial use in agriculture. In late 2015, EPAV approved a biosolids storage period of 1 year for two regional STPs; Boneo and Somers, on the provision that additional measures were undertaken including statistically valid monitoring to check for changes in the risk profile of helminth ova, third party certification of biosolids production, storage and handling (e.g. Hazard Analysis at Critical Control Points (HACCP) certification); and end point testing of biosolids for pathogenic bacteria, viruses and Ascaris ova. EPAV approval was based on the verification programme undertaken by South East Water Corporation to test if a 1-year storage period achieved the required reduction in a range of enteric pathogens and parasites (Irwin et al. ) .
The aim of this study is to quantify the potential human health impacts from the STH reference pathogen, Ascaris lumbricoides, of different stockpiling periods for pan-dried biosolids produced using the low cost MAD process. To do this we used quantitative risk analysis to identify the key process steps that determine risks to human health and assessed this risk against a health-based target.
With an improved understanding of Ascaris ova fate in the biosolids production and storage process, it may also be possible to reduce reliance on costly and relatively imprecise end-point testing and focus instead on the effectiveness of critical process steps to produce safe quality biosolids for land application.
MATERIALS AND METHODS
The following equations were developed for the current study to assist in identifying the key variables that determine the risks to human health from Ascaris ova in biosolids when used in agricultural production and via ingestion of salad and vegetable produce.
The concentration of Ascaris ova in the stored biosolids, C, was determined using Equation (1).
Ascaris ova concentration in biosolids
where the elements of the equation are:
of worms per infected person (shedder)
(worms·person À1 ) Ι T ¼ Inactivation due to treatment process (MAD) (log reduction value) Ι PD ¼ Inactivation due to sludge pan drying (log reduction value) Ι S ¼ Inactivation due to storage (log reduction value·year À1 ) θ ¼ Number of years stored (years) κ ¼ Solids production rate per L raw sewage (g·L À1 ) λ ¼ Discharge of sewage (wastewater) per person per day (L·person À1 ·day À1 )
The equation consists of three components: (i) the load of ova to the STP arising from the shedding of ova by infected individuals in a sewer catchment (ova loading), (ii) the sum of environmental factors that act to inactivate the ova (ova inactivation)these are broken down by treatment process steps, and (iii) quantity of biosolids received at the STP (biosolids loading).
The quantity of Ascaris ova ingested per day due to exposure to biosolids-amended soils is given in Equation (2). Standard soil ingestion rates were derived from guidance published by the US EPA (US EPA , citing US EPA ) or EnHealth (). Biosolids application rates were based on the maximum of the nutrient loading application rate (NLAR) for nitrogen, as this was always greater than the NLAR for phosphorus. For the soil exposure risk modelling, the NLAR was based on spinach as an appropriate example of a leafy vegetable crop. However, a root vegetable could also be used. The NLAR value varies locally depending on soil conditions and crop type.
Ascaris ova ingested per day through exposure to biosolids amended soils
where:
The annual disease burden per person per annum due to exposure to biosolids-amended soils is given in Equation (3). This is based on the work of Navarro et al. () on Ascaris ova dose-response and on the disease burden per case derived for this study.
Annual disease burden per person per annum through exposure to biosolids amended soils
The quantity of Ascaris ova ingested per day due to consumption of uncooked salad or vegetables grown in biosolids-amended soils is given in Equation (4). The equation assumes that both leafy (e.g. spinach) and root (e.g. carrot) vegetables are consumed and sums the exposure across each crop type. The equation accounts for the transfer of helminth ova with soil to the salad leaf or root vegetable and the loss of ova due to washing (a standard procedure in the harvesting and packaging process in Australia). Larger carrots are also frequently peeled; however, it is assumed here that the carrots are unpeeled.
Ascaris ova ingested per day by a person consuming fresh, uncooked salad or vegetables grown in biosolids amended soils 
The annual disease burden per person per annum due to consumption of uncooked salad or vegetables grown in biosolids-amended soils is given in Equation (5). This is based on the work of Navarro et al. () on Ascaris ova dose response and on the disease burden per case derived for this study.
Annual disease burden per person per annum through consumption of fresh, uncooked salad or vegetables grown in biosolids amended soils
where: Frequency of salad and vegetable consumption per year, days
The values used in the equations and their information source are given in Tables 1-5. Four exposure categories were modelled (Table 3 ). The first three categories were soil exposure categories as follows: Outdoor Worker, Outdoor Recreator (sporting field), and Domestic Gardener. The fourth category was a consumer of salad and vegetable crops that were grown in biosolids-amended soil.
The ova shedding rate per worm is a potentially significant factor in determining total ova load in biosolids. Hall & Holland () provide power functions fitted to data on worm burdens and ova per gram counts from Bangladesh and Nigeria (Table 2) . To derive the power function coefficients (a, b), Hall and Holland plotted the relationship between the number of ova per gram of faeces and female Currently set at zero due to lack of relevant local data.
(continued) Table 6 The maximum NLAR. Calculated according to the formula C N /(B N -(B N.Yr *θ) þ 1). Values used are shown in Table 6 .
Biosolids application ratelettuce/spinach tonnes·ha À1 η s Table 6 As above, calculated according to the formula: L SN / (B N -(B N.Yr *θ) þ 1). 
worm burdens between 1 and 50 and fitted a polynomial curve of the form y ¼ ax b . Note that the b coefficients in Hall & Holland () include some typographical errors that were corrected in our application.
Sensitivity analysis -Monte Carlo simulation
Since many of the variables making up the risk model are associated with some level of uncertainty, Monte Carlo simulation was used to explore overall model uncertainty.
The effect of certain key model factors that have variable ranges was assessed by choosing discrete values as scenarios to model. These factors were: θ, the number of years biosolids were stored before use (1, 2 or 3 years), a combination of soil ingestion rates for different worker exposure categories, ε, and soil ingestion rates τ s (Tables 3  and 4 ) (three occupational exposure categories), a fourth exposure category for consumers of salad and vegetable crops grown in soil with applied biosolids, and the source of data used to determine ova shedding rates per female Ascaris worm. Of the remaining 27 model input variables, 18 continuous variables were allocated probability distribution functions (PDFs) ( Table 6) , while the remaining nine factors (Table 7) were considered to vary little and thus unlikely to have much influence on overall model variability.
For the 18 continuous factors, no data was identified that could be used to construct PDFs for any of the variables, with the exception of the volume of wastewater discharged to sewer per person per day, which was based on some limited data published by Melbourne Water (Melbourne Water ). Consequently, BetaPERT distributions, commonly used in modelling expert estimates, were constructed for each variable. The BetaPERT distribution requires estimates of minimum, most likely and maximum values. In each case, the most likely value was the value given in Table 1 with maxima and minima plus and minus 10% of the most likely value.
Note that for the continuous variable φ, Faecal loads per person, Table 1 contains estimates of within population variability. However, since our models were constructed at the population level, within population variability is not relevant. Nevertheless, there may be some variation between populations due to socio-economic (e.g. diet) and biological factors (e.g. average person size, etc.) so such variability was modelled using minima and maxima plus or minus 10% of the most likely value. The PDF for each variable was a BetaPERT distribution assuming each input value is a most likely value and with minima (À) and maxima (þ) 10% respectively, except for λ which as a
BetaPERT distribution based on published data (from Melbourne metropolitan data for 2015/16 as reported on Melbourne Water's website Feb 2017 (Melbourne Water 2017)). Three additional model factors, the reduction rate in available biosolids per annum, B N.Yr , and the NLAR for carrots and spinach, A CN , and A SN respectively, were derived by calculation from other input variables and thus were not allocated their own PDFs.
For Monte Carlo simulations, modelled scenarios were iterated 100,000 times using Oracle Crystal Ball, a simulation add-in software package to Microsoft Excel, and the results tabulated and reported as 5th, mean and 95th percentiles.
RESULTS
The exposure category with the highest disease burden was the outdoor worker, which is consistent with the fact that this category also has the highest exposure to soil. Using the Bangladesh ova shedding rates per worm the predicted disease burdens were slightly above the 1 μDALY·person À1 ·year À1 guideline after 1 year of storage (Tables 8 and 9 ). To meet the guideline for outdoor worker exposure (the limiting exposure scenario) the biosolids storage period would need to be around 1.24 years (mean model estimate).
All other exposure categories were below the 1 μDALY·person À1 ·year À1 guideline after 1 year of storage with reference to Bangladesh ova shedding rates.
Using ova shedding rates per worm based on Nigerian data gave a 32-fold increase in disease burden estimates and would require biosolids storage periods of around 2.1 years to achieve compliance with the guideline (mean model estimate). The variation in model predictions between 5th and 95th percentile predicted disease burdens was relatively narrow, lying well within one order of magnitude. This is not unexpected as, firstly, the continuous variables selected for Monte Carlo simulation would be at unrealistic values if permitted to vary more than one order of magnitude; secondly we constrained the PDFs for each variable to no more than ±10% of the most likely value, as we felt this to be a reasonable level of variation given the uncertainty associated with each variable.
Sensitivity analysis
The relative influence of each continuous model variable on model μDALY predictions was assessed by calculating correlation coefficients between each PDF variable and each model prediction (Figures 2 and 3) . For the soil exposure models (Figure 2) , variables with the greatest influence were the Beta-Poisson dose response coefficient, α, the inactivation log reduction value (LRV) due to storage, I S, and the daily wastewater discharge to sewer per person, λ. Note that the results in Figures 2 and 3 are the same for the Nigerian and Bangladeshi data, since only the correlation between the input variable and the predicted disease burden is being graphed.
For the salad and vegetable consumption exposure models (Figure 3) , variables with the greatest influence were the Beta-Poisson dose response coefficient, α, the inactivation LRV due to storage, I S, the LRV due to crop washing, ψ, and the daily wastewater discharge to sewer per person, λ.
Interestingly, for each model, the LRV due to crop storage changes from the second most influential variable at Values greater than 1 exceed the WHO and AGWR tolerable burden of disease guideline and are shown in bold font. Values less than one but greater than 10% of the guideline are shown in italics, while values less than 10% of the guideline are shown in normal font. 1 year of storage, to the most influential variable with 2 or more years of storage (Figures 2 and 3) , because there is more time for the variable to exert an influence in the 2 years and greater storage scenarios, whereas the other factors do not change between scenarios.
DISCUSSION
Risk modelling of the potential human health impacts from the presence of Ascaris lumbricoides ova in biosolids was undertaken for discrete holding periods of 1, 2 and 3 years. Using ova shedding rates per worm derived from Bangladeshi data, risk modelling showed that the predicted disease burden for a 1-year holding period slightly exceeded the WHO 1 μDALY·person À1 ·year À1 guideline for the outdoor worker category; 1.24 years would be required to meet the guideline. This outdoor worker category has the greatest occupational exposure to biosolids amended soil. Using ova shedding rates per worm derived from data from Nigeria indicated holding periods of 2.1 years would be required to protect workers exposed to biosolids amended soils. Using Nigerian data, holding periods of around 1.9 years (∼23 months) would be required to protect consumers of fresh, uncooked salad and root vegetable crops grown in biosolids-amended soils. Clearly the choice of data for ova shedding rates per worm has a major bearing on the model results. Possible reasons for the difference in ova shedding rates per worm between the countries are differences in laboratory recovery rates and the impact of average worm burdens on ova shedding rates. In the latter case, the presence of other A. lumbricoides in the gut acts to inhibit the production of eggs. This is known as densitydependent fecundity and results in the number of eggs shed per female worm decreasing in proportion to the worm burden in the gut (Walker et al. ) . In any event, since the ova shedding rate of worms infecting south-eastern Australian hosts is not known, the conservative default assumption is to assume the higher shedding rate.
Areas for further research
Sensitivity analyses showed the following variables had the greatest influence on the soil exposure and salad/root vegetable consumption models: the Beta-Poisson dose response coefficient, α, the inactivation LRV due to storage, I S, the LRV due to crop washing, ψ, and the daily wastewater discharge to sewer per person, λ. In addition, the choice of ova-shedding rate per worm and the level of exposure to soil, or consumption of salad and vegetable crops grown in biosolids-amended soil are also influential variables.
Two potentially influential variables were set to zero (i.e. no effect) in the models due to lack of information on their values. These were Ascaris ova inactivation LRV due to MAD, I T , and due to sludge pan drying, I PD . It is possible that a combined LRV of 1 to 2 or more could be applied to the model if Ascaris ova inactivation through these processes was appropriately characterised.
The inactivation rate due to storage was based on an assumed average biosolids temperature of 20 W C; however, the effect of high diurnal and seasonal temperature fluctuations experienced by south eastern Australian biosolids plus the heat generated by decomposition means that a higher inactivation rate is likely to be in effect. A better understanding of short term exposures to higher and lower temperatures on Ascaris ova inactivation through field studies could clarify this issue. The soil and produce exposure variables (see Tables 1, 3  and 4) , along with λ are relatively well understood in the Australian context and can be considered a lower priority for research.
In summary, the following factors can be considered as a high priority for future research: α, I S , I T , I PD , ψ, and choice of country upon which to base the ova-shedding rate per worm coefficients a and b. These variables should be the focus of future research to improve model accuracy.
Background Ascaris infection rate in the population
The proportion of the population that carry an Ascaris infection, and thus shed Ascaris ova, was based on data for Denmark (Arnbjerg-Nielsen et al. ). In the current model a proportion of 0.02% of the population (1 shedder per 5,000 as per the Danish study) gives an estimated biosolids ova concentration of just under 0.2 ova·g À1 dry weight, which is the current analytical detection limit available from commercial pathogen laboratories in Australia. Since most of the ova testing of data for biosolids in south eastern Australia yields zero results, either the analytical recovery rates are overstated, ova inactivation through the biosolids production process is greater than modelled, or the true proportion of shedders in the Australian STP sewage catchments is less than that reported for Denmark.
In relation to the proportion of shedders in the Australian STP sewage catchments, two key factors are of importance: (i) modern sanitation and (ii) the practice in Australia of administering anti-helminthic medicines to new migrants and refugees. Modern sanitation acts to impede the natural life cycle of Ascaris and other STH. With respect to Ascaris lumbricoides, the ideal habitat is a rural village where villagers defecate in the open near their dwellings or, if using a basic latrine, the nightsoil is reused to fertilise crops. Ascaris ova must undergo a period of soil conditioning before becoming infective. In developed countries, the presence of flushing toilets is nearly universal and acts to remove the opportunity for Ascaris ova to encounter a new host, or to receive soil conditioning around the dwelling and become infective. Unless reinfection occurs within a couple of years, the worms reach the end of their life spanaround 1.5 years (Feachem et al. ) -and are ejected in the host's faeces. Pathways for reinfection are therefore limited.
New migrants who are refugees typically come from refugee camps which often are constrained environments with poor sanitation. In the Australian context, such refugees are administered the anti-helminthic medicine albendazole as part of the predeparture medical assessment conducted on behalf of the Australian Government (Hanieh et al. ) . The medication is particularly effective for controlling nematode infections (Swanson et al. ) and such practices also act to limit the prevalence of most STH.
CONCLUSIONS
The risk modelling has highlighted the key variables that determine the risk of transmission of Ascaris through biosolids use for growing human edible horticultural crops. It is argued that in the absence of a strong justification for using other data sources, the Nigerian data for ova shedding rate per worm should be preferred to guide responses to the risk modelling. The limiting risk is outdoor worker soil exposure and, based on the Nigerian data, an additional LRV of 1.6 is required in biosolids ova concentration from raw sewage to biosolids to meet the WHO μDALY guideline for a 1-year holding period based on most likely model inputs. The risk models used in this study are considered conservative, and it is feasible that improvements in the characterisation of several key input variables could readily demonstrate improved Ascaris ova LRVs and lower predicted disease burdens to the degree that a 1-year storage period for biosolids produced by the MAD process meets the WHO μDALY guideline.
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